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SUMMARY 

This  report  presents  a  summary  of  the  research  performed  by  the  Research 
Laboratories  of  United  Aircraft  Corporation  during  the  six -month  interval  from 
1  August  1967  to  31  January  1968  on  research  directed  toward  advancing  the  state 
of  the  art  of  ultrashort  laser  pulse  technology.  This  effort  has  resulted  in 
the  following  enhancement  of  the  ultrashort  laser  pulse  technology  field: 

(a)  Mode-Locking  of  an  Organic  Dye  Laser.  This  accomplishment  shrjld 
make  available  picosecond  optical  pulses  throughout  the  visible  poruj.u.i  of  the 
spectrum.  The  availability  of  ultrashort  pulses  at  any  desired  wavelength  would 
greatly  increase  their  applicability  to  studies  of  nonlinear  optical  effects, 
spectroscopy,  lifetime  measurements,  etc. 

(b)  Optical  Rectification  of  Mode-Locked  Laser  Pulses  at  Microwave  Fre¬ 
quencies.  This  accomplishment  opens  up  the  possibility  of  generating  millimeter 
or  subraillimeter  waves  with  ultrashort  optical  pulses  and  obtaining  a  detector 
for  picosecond  pulses  because  of  the  broad  band  response  of  the  optical  rectifi¬ 
cation  effect.  The  detection  of  optical  rectification  at  approximately  10  GHz 
has  eliminated  spurious  signals  from  pyroelectric  and  acoustic  effects  therefore 
simplifying  the  detection  of  this  effect.  The  use  of  simultaneously  Q-switched 
and  mode-locked  pulses  enables  the  use  of  the  high  sensitivity  characteristics 

of  radio  receivers  in  many  experiments  where  signal  sensitivity  may  be  a  problem. 

(c)  Analytical  Solution  for  2rr  and  4tt  Optical  Pulses.  This  accomplishment 
should  lead  to  a  better  understanding  of  the  transient  response  of  quantum  system 

(d)  Theoretical  Prediction  of  Adiabatic  Inversion  of  Quantum  States.  This 
accomplishment  should  result  in  a  better  understanding  of  the  transient  response 
of  quantum  systems  when  subjected  to  a  frequency- swept  laser  pulse. 

(e)  60  MHz  Frequency-Swept,  Q-Switched  C02  Laser  Pulse.  This  accomplish¬ 
ment  should  open  up  new  experimental  possibilities  in  studying  transient  respen: 
of  quantum  systems  and  in  optical  ranging,  radar,  signal  processing,  etc. 


F-920U79-6 


% 


(f)  Measurement  of  Nanosecond  Fluorescence  Decay  Times.  This  accomplishment 
has  demonstrated  the  ease  at  which  subnanosecond  fluorescence  lifetime  can  be 
measured  with  ultrashort  laser  pulses  having  peak  powers  of  the  order  of  gigawatts. 
This  techniq1  should  therefore  be  of  great  help  to  spectrcscopists  in  their  study 
of  solids,  liquids,  and  gases. 

(g)  Light  Amplification  in  Saturable  Absorbers  (LAISA)  with  Picosecond 
Pulses.  This  accomplishment  has  resulted  in  a  new  method  for  amplifying  light 
waves  and  therefore  suggests  that  the  device  be  called  a  "LAISA",  an  acronym  for 
"Light  Amplification  in  Saturable  Absorbers." 
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INTRODUCTION 


0- switched  laser  pulses  have  found  wide  usage  in  studying  gas  breakdown 
at  optical  frequencies,  thermonuclear  research,  optical  harmonic  generation, 
stimulated  Raman  and  Brillouin  scattering  effects,  photon  echoes,  surface  emission 
effects,  self-induced  optical  transparency,  stimulated  four-photon  scattering,  etc. 
These  pulses  have  also  found  wide  military  usage  in  semiactive  guidance,  ranging, 
high-speed  photography,  radiation  weapon  research,  etc.  The  minimum  pulse  widths 
obtainable  with  the  various  existing  Q-switching  techniques  are  limited  to  approx¬ 
imately  10"®  sec  because  of  the  requirement  of  one  or  more  passes  through  the 
laser  medium  to  build  up  the  laser  pulse.  Numerous  applications  of  single  and 
multiple  high-peak  power  laser  pulses  of  time  duration  of  10*9  to  10" sec  in 
the  aforementioned  areas  of  military  and  industrial  research  and  applications  arc 
potentially  very  attractive.  For  example,  the  use  of  an  optical  pulse  of  10"1® 
sec  time  duration  would  enable  the  measurement  of  distances  of  miles  to  an  accuracy 
of  a  few  cm.  The  use  of  pulses  of  10~9  to  1U-^®  sec  time  duration  and  of  gigawatts 
of  peak  power  in  nonlinear  optics  and  transient  response  of  quantum  systems  research 
is  promising.  The  interaction  of  high-peak  power  coherent  radiation  of  short  time 
duration  with  both  organic  and  inorganic  matter  is  of  great  interest  to  academic, 
military,  and  industrial  researchers. 

During  the  last  two  years  the  Research  Laboratories  of  United  Aircraft 
Corporation  have  been  conducting  both  inhouse  and  government  sponsored  programs 
which  have  resulted  in  techniques  for  generating  and  measuring  laser  pulses  of 
4  x  10" sec  ’/ith  Nd3+: glass  anu  of  10  x  10"-*-2  sec  with  ruby  lasers.  Data  indi¬ 
cates  that  a  lower  limit  of  2  x  10“^  sec  exists  for  such  pulse  generation  tech¬ 
niques  with  Nd: glass  lasers.  With  one  stage  of  amplification,  peak  powders  of  i0+l 
watts  have  been  obtained.  Electrical  pulses  of  90  x  10-^2  sec  risetime,  65  volts 
peak,  and  up  2  nanosecond  repetition  rate  have  been  obtained  with  stimultaneous 
Q-switched  and  mode-locked  Kd®+: doped  glass  oscillators  and  fast  photodiode  detector 
combinations.  Electrical  pulses  with  these  characteristics  were  previously  unavail- 
ab1  wdth  conventional  electronic  devices.  The  generation  of  these  electrical 
pulses  by  high-peak  power,  mode-locked  lasers  would  also  be  of  interest  to  the 
electronic  industry  for  the  determination  of  the  locatior  and  severity  of  internal 
reflections  in  wide-bandwidth  transmission  systems,  propagation  delay  studies, 
bandwidth  measurements,  etc.  Ultrashort  laser  pulses  have  also  been  utilized  at 
the  Research  Laboratories  of  United  Aircraft  Corporation  to:  (a)  generate  ultra- 
short  acoustic  pulses  having  harmonic  contents  up  to  3-1  GHz,  (b)  measure  nanosecond 
lifetimes  of  Q-switching  dye  solutions,  (c)  observe  optical  rectification  up  to 
10  GHz.  (d)  generate  ultrashort  optical  pulses  at  various  wavelengths  in  the  visible 
region  with  laser  pumped  dye  lasers,  and  (e)  observe  "Light  Amplification  in  5a' ar¬ 
able  Absorbers"  (LAI3A)  with  picosecond  pulses. 
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MODE-LOCKING  OF  AN  ORGANIC  DYE  LASER 


It  has  been  reported  that  a  large  number  of  organic  dye  solutions  exhibit 
“fir  T  “  #lti  a  Sh0rt  durat1--  high- intensity  pus*  ^ 

l  p  fr0m  Q-swltched  lase«  and  from  specially  constructed 
.  eS  have  been  emPl°yed.  The  output  spectra  from  such  dye  lasers  are 

quite  broad  extending  ir.  some  cases  over  a  few  hundred  angstroms.  This  suggests 
the  possibility  of  mode-locking  an  organic  dye  laser  to  produce  very  short 

or  sh°rter)  puldes  over  a  wide  range  of  the  visible  spectrum.  The 
availability  of  ultrashort  pulses  with  any  desired  wavelength  would  greatly 
ncrease  their  applicability  to  studies  of  nonlinear  transient  optical  effects 
spectroscopy,  and  lifetime  measurements  (Ref.  6).  ’ 

Research  conducted  ’under  this  contract  has  resulted  in  the  mode-locking 
of  a  dye  laser  by  pumping  with  another  mode- locked  laser.  It  is  well  known 
that  a  periodic  modulation  of  the  gain  of  a  laser  medium  will  lead  to  mode- 
ockmg  _f  the  frequency  of  the  modulation  is  equal  to  or  a  multiple  of  the 
ifference  frequency  between  longitudinal  modes  of  the  laser. 

If  the  pumping  signal  for  a  dye  laser  consists  of  a  mode-locked  train  of 
pul.es  the  gain  of  the  laser  will  have  a  periodic  variation  with  a  period 
equal  .0  the  spacing  between  the  pumping  pulses.  If  the  length  of  the  dye 
laser  cavity  is  equal  to  or  a  submultiple  of  the  length  of  the  cavity  of  the 
aser  pro  ucing  the  pump  pulses,  then  the  mode-locking  condition  will  be 
satisfied  and  the  output  of  the  dye  laser  will  consist  of  a  series  of  pulses. 

The  ^  the  *******  eXperiment  two  dyes  wera  used,  Rhodamine  6G  and  Rhodamine  B. 
h.se  dye.,  in  ethanol  solution,  have  absorption  peaks  at  5260  8  and  5500  L 

The  peaks  are  sufficiently  broad  to  allow  efficient  pumping  with  the  5300  8 
second  harmonic  of  the  Nd-laser.  The  dye  laser  was  constructed  as  shown  in 

,  G'  *  .The  0611  Was  ^‘5  0X11  in  diameter  and  5  cm  in  length.  The  windows 

°Pn^Cally  flat  and  positioned  almost  perpendicular  to  the  axis  of  the 
cell.  The  mirrors  had  a  1-meter  radius  of  curvature  and  a  reflectivity  in 
excess  of  9$  between  5000  2  and  6000  2.  The  second  harmonic  required  for 
pumping  was  generated  in  the  dye  cavity  with  a  crystal  of  phase-matched  KDP. 

The  efficiency  of  conversion  of  the  1.06-micron  radiation  to  second  harmonic 
was  measured  to  be  approximately  2*.  A  slight  focusing  of  the  fundamental 
iatlon  into  the  dye  laser  cavity  was  required  to  reach  threshold. 
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The  strength  of  the  dye  solution  was  adjusted  by  gradually  increasing  the  dye 
concentration  until  the  second  harmonic  radiation  was  almost  completely  absorbed  in 
the  cell.  Typical  concentrations  used  were  about  5  x  10“ 5  molar. 

The  pump  signal  was  generated  as  the  second  harmonic  from  a  Nd-glass  laser 
that  was  mode -locked  ith  Eastman  Kodak  97^0  dye  (Refs.  6  and  7).  The  length  of 
tne  rod  was  6"  and  the  diameter  0.5".  The  output  consisted  of  a  train  of  subnano¬ 
second  pulses  spaced  by  approximately  5  x  10"9  sec  and  lasted  approximately 
2  x  10 “7  Sec. 

Lasing  was  observed  with  the  optical  length  cf  the  dye  laser  cavity  equal  to  1, 
l/2  and  1/3  times  the  length  of  the  pumping  laser  cavity.  Figure  2a  shows  a  typical 
output  of  the  pumping  laser.  Figure  2b  shows  a  synchronous  trace  of  the  dye  laser 
output.  In  this  care  the  dye  laser  cavity  was  adjusted  to  be  one -half  of  the 
length  of  the  pumping  laser  cavity.  The  dye  used  in  this  case  was  Rhodamine  6G  in 
ethanol.  The  dye  laser  output  shows  very  small  fluorescence  until  the  pumping 
signal  reaches  threshold,  at  which  point  the  dye  laser  l  saks  into  oscillation  and 
produces  a  series  of  pulses  at  twice  the  repetition  rate  of  the  pumping  pulses. 

The  energy  scale  on  the  traces  is  intended  to  give  a  rough  estimate  of  the  pulse 
energies.  The  vertical  axis  is  given  in  energy  rather  than  power  because  the  funda¬ 
mental  pulses  are  shorter  than  the  response  time  of  the  detector.  The  pulse  shape 
is  thus  characteristic  of  the  detector  rather  than  any  property  of  the  pulse.  The 
only  quantity  that  can  be  measured  is  the  total  energy  of  the  pulse,  which  is  pro¬ 
portional  to  the  amplitude  of  the  detector-limited  pulse  shape.  The  same  procedure 
was  used  for  the  dye  laser  output,  with  appropriate  scaling  of  the  spectral  sensi¬ 
tivities  of  the  two  diodes.  These  values  are  somewhat  uncertain,  therefore,  since 
the  pulse  duration  is  comparable  to  the  detector  response  time. 

Figures  2c,  2d  show  the  spectral  output  of  the  dye  laser  and  a  mercury 
reference  spectrum.  Figure  2c  shows  the  output  for  a  5  x  10“5  molar  solution  of 
Rhodamine  B  in  ethanol.  The  output  occurs  slightly  above  the  5790  A  line  of  the 
mercury  spectrum.  For  Rhodamine  6G  of  comparable  concentration,  the  line  app  irs 
midway  between  the  two  mercury  lines,  at  $600  K.  If  Rhodamine  60  is  added  to  the 
Rhodamine  B  solution,  the  line  moves  continuously  from  one  limit  to  the  other. 

Such  an  intermediate  case  is  shown  in  Fig.  2d. 

It  was  noted  that  the  spectral  width  of  the  output  of  the  laser  was  not  as 
great  as  has  been  reported  (Ref.  l) .  It  is  believed  that  this  is  due  to  the  fact 
that  the  laser  was  operating  just  above  threshold.  Sufficient  pump  power  was  not 
available  in  these  initial  experiments  to  operate  the  laser  far  enough  above 
threshold  to  give  a  wider  spectral  output.  The  output  pulses  from  the  laser  wern 
also  broader  than  those  of  the  pump.  This  is  a  result  of  the  fact  that  the  laser 
operates  only  during  a  fraction  of  the  pumping  time  and  there  is  insufficient  time 
to  allow  the  locking  of  all  the  modes.  Higher  pumping  power  should  eliminate  both 
of  these  problems  and  allow  the  generation  of  picosecond  pulses  throughout  th<~ 
visible  spectrum. 
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OPTICAL  RECTIFICATION  OF  MODE-LOCKED  LASER  RJLSLd 

The  optical  rectification  (i.e.,  the  nonlinear  optical  dc  polarization)  effect 
was  first  observed  by  Bass,  et  al,  in  the  form  of  an  induced  dc  voltage  across  a 
crystal  of  potassium  dihydrogen  phosphate  (KDP)  during  the  passage  of  an  intense 
ruby  laser  pulse  through  the  crystal  (Ref.  3) .  Considerable  difficulty  is  normally 
encountered  in  experimentally  observing  ..ical  rectification  because  of  the  low 
voltage  signals  generated  by  the  effect,  the  requirement  of  relatively  broad  band 
and  thus  insensitive  electronic  equipment,  electrical  noise  arising  from  the  flash 
lamp  trigger  and  discharge,  and  spurious  signals  due  to  pyroelectric  (Ref.  8)  and 
acoustic  waves  generated  by  the  optical  electrostriction  and  transient  heating 
effects  (Ref.  9) . 

The  purpose  of  this  Letter  is  to  report  the  observation  of  harmonically-rich 
electrical  pulses  generated  in  crystals  of  lithium  niobate  and  KDP  by  the  optical 
rectification  of  the  output  of  a  simultaneously  Q-switched  and  mode-locked  Nd:glass 
laser  (Ref.  6).  The  periodic  pulsating  characteristics  of  such  lasers  enabled  us 
to  make  use  of  the  high  sensitivity  and  selectivity  of  radio  receivers  in  detecting 
the  effect.  The  large  signal-to -noise  ratio  obtained  by  use  of  a  mode-locked  laser 
and  a  radio  receiver  in  the  experiments  enabled  us  to  easily  identify  (and  thus 
eliminate)  spurious  acoustic  signals  by  tVir  repetitive  echo  characteristics.  In 
addition,  signals  from  relatively  slow  effects  such  as  the  pyroelectric  effect  were 
eliminated  by  detecting  the  harmonics  of  the  optical  rectification  signals  in  the 
microwave  region. 

The  output  of  the  mode -locked  Nd:glass  laser  used  in  our  experiments  consisted 
of  a  series  of  light  pulses  of  10"12  to  10"11  sec  time  duration  (Refs.  6,  10,  ll) , 
evenly  spaced  by  the  optical  transit  time  of  the  laser  cavity.  The  fundamental 
frequency  of  the  pulse  train  used  here  was  275  4iHz«  The  average  energy  in  the 
individual  pulses  was  typically  of  the  order  of  1  mj.  The  entire  pulse  train  con¬ 
tained  approximately  200  pulses  and  lasted  about  0.6p  sec .  The  laser  output  was 
directed  through  crystals  of  lithium  niobate  and  KDP  either  along  or  perpendicular 
to  the  z-axis  of  the  crystals.  A  flat-ended  coaxial  probe  fixed  against  the  surface 
normal  to  the  z-axis  was  used  to  sense  the  induced  fields  present  at  that  surface. 

A  5-ml "thick  annular  mylar  gasket  was  used  to  prevent  an  intimate  contact  between 
the  center  probe  and  the  crystal  surface  to  eliminate  the  possible  acoustic  effects 
(Ref.  9)  which  might  cause  spurious  signals  through  the  surface  Piezoelectric 
effect,  especially  in  the  case  of  lithium  niobate.  Such  acoustic  signals  could  be 
identified  by  their  repetitive  echo  characteristics.  The  rf  signals  were  measured 
to  be  approximately  2  mv  and  \  ere  detected  by  a  superheterodyne  receiver  having  a 
20  MHz  bandwidth. 

The  observed  signals  were  recorded  with  a  signal -to-noise  ratio  of  up  to  20 
to  25  db  and  followed  the  general  features  of  the  envelope  of  the  laser  pulse  train 
which  was  simultaneously  recorded.  Signals  were  recorded  at  each  harmonic  frequency 
from  275  MHz  to  9-025  GHz  and  were  limited  only  by  the  available  equipment.  As 
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evidenced  by  tuning  the  radio  receiver,  the  signals  were  as  well  confined  to  the 
harmonic  frequencies  of  the  laser  pulse  repetition  frequency  as  the  bandwidth  of 
the  receiver  could  deter/iine.  The  actual  bandwidth  of  the  observed  signals  can  be 
calculated  from  the  length  of  the  entire  pulse  train.  In  the  case  of  lithium 
niobate  the  phase  matching  angle  for  efficient  second  harmonic  light  production  is 
very  nearly  normal  to  the  optic  axis  so  it  was  possible  to  simultaneously  observe 
the  optical  rectification  signal,  the  second  harmonic  (green)  light  output  and  the 
original  input  laser  pulse  train. 

Figure  3  schematically  illustrates  the  orientation  of  the  crystallographic 
axes  of  KDP  with  respect  to  the  polarization  of  the  repetitive  pulses.  For  KDP 
illuminated  along  the  z-axis,  the  dc  part  of  the  polarization  reduces  simply  to 
Pz  =  l/sXjjxy  ExEy,  where  Xzxy  is  the  third  rank  nonlinear  dielectric  tensor  tor  KDP. 
If  a  is  the  angle  between  the  plane  of  polarization  of  the  laser  light  and  the 
x-axis  of  the  KDP,  Pz  will  vary  as  sin  2°  .  Figure  4  shows  the  relative  strength 
of  the  rf  signals  at  2.75  GHz  recorded  as  a  function  of  Q.  The  sin  2d  function  has 
been  normalized  and  drawn  as  the  dashed  curve  for  comparison.  Similar  data  were 
observed  at  other  harmonic  frequencies.  Signals  from  relatively  slow  effects,  such 
as  the  pyroelectric  effect,  were  eliminated  by  detecting  the  optical  rectification 
effect  at  microwave  frequencies.  Figure  5  illustrates  laical  oscillograms  of  the 
optical  rectification  and  laser  output  signals. 

The  broad  band  response  of  the  optical  rectification  effect,  coupled  with 
greatly  increased  sensitivity  obtained  with  radio  receivers  and  repetitive  pico¬ 
second  laser  pulses,  suggests  the  use  of  Ine  effect  for  detecting  picosecond  light 
pulses  and  for  generating  millimeter  end  submillimeter  radiation.  Optical  pulse 
measurement  by  the  optical  rectification  effect  is  similar  to  pulse  intensity  cor¬ 
relation  measurements  (Refs.  10-12).  The  correlation  measurements  reported  in  the 
past  were  performed  in  the  Fourier  transform  or  frequency  domain.  Some  unique 
character! ;tics  of  such  a  microwave  generating  system  would  be  its  broad  band  pas¬ 
sive  generating  element  (i.e.,  the  nonlinear  crystal)  whose  operating  frequencies 
can  be  easily  changed  and  precisely  specified  by  adjustment  of  the  laser  cavity 
length.  The  upper  operating  frequency  of  the  device  is  limited  only  by  the  harmonic 
content  of  the  available  ultrashort  laser  pulses. 


PROPAGATION  CHARACTERISTICS  OF  ULTRASHORT  OPTICAL  PULSES 

Optical  pulses  of  10"^  sec  duration  have  recently  been  produced  (Refs.  J,  3> 
10,  ll)  by  the  simultaneous  Q-switching  and  mode -locking  of  Kd^+ : glass  lasers. 

Such  pulse  widths  are  comparable  to  the  transverse  relaxation  time  of  the  medium. 
Pulses  shorter  than  the  transverse  relaxation  time  may  be  obtained  by  additional 
experimental  modifications  (low  temperatures) .  The  simplicity  of  the  theoretical 
model  which  describes  this  situation  provides  considerable  insight  into  many 
features  of  optical  pulse  propagation  in  an  active  medium.  The  self-induced  trans¬ 
parency  effect  recently  discussed  by  McCall  and  Hahn  (Ref.  14)  and  the  pulse 
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splitting  obtained  from  machine  computation  by  the  same  authors  and  observed  by 
Patel  and  Slusher  (Ref,  15)  may  be  exhibited  within  a  completely  analytic  framework 
of  this  model. 


When  the  pulse  length  is  short  compared  to  the  longitudinal  and  transverse 
relaxation  times  of  the  medium,  the  electric  field  of  the  optical  pulse  E(x,t),  the 
macroscopic  polarization  density  of  the  medium  P(x,t)  and  the  population  inversion 
N(x,t)  are  related  through  ,he  equations  (Ref.  lo) . 


dt 2  c 2  dt2  c2  dt2 


(l) 


*  -fr«EN, 


(2) 


(3) 


where  E0is  the  transition  frequency  of  the  two-level  systems  and  N0is  the  dipole 
matrix  element  connecting  the  two  energy  levels.  It  will  be  assumed  that  all  two- 
level  systems  have  exactly  the  same  transition  frequency  and  tliat  the  carrier  fre¬ 
quency  of  the  light  pulse  is  ab  this  same  frequency.  The  necessary  bandwidth  of 
the  medium  required  to  transmit  the  pulse  is  provided  by  a  saturation  broadening 
effect. 


Since  even  the  shortest  puj.se s  produced  to  date  contain  many  optical  cycles, 
it  is  appropriate  to  introduce  the  assumption  that  E  and  P  are  of  the  form 

Ev«,»)  *  £,£  («,0  cot  (kx -cut) ,  (h) 

P(x,t)  •  N.^f(xt!)tto(lt*-wt)>  (5) 

where  E0  is  a  character!:  tic  field  strength  and  N0  is  the  initial  number  density  of 
active  atoms  in  the  upper  state  minus  those  in  tb"  lower  state.  The  envelopes 
£(x,t)  andf>(x,t)  have  spatial  and  temporal  variations  which  are  slow  compared  to 
those  of  the  optical  carrier  wave.  The  assumption  of  slow  variation  of  t  and  P 
justifies  the  neglect  of  second  derivatives  and  products  of  first  derivatives  when 
Eqs.  (4)  and  (5;  sure  substituted  into  Eqs.  (l)-(3)» 

With  this  simplification,  the  equations  relating  £  ,  P  and  rj  =  N/N0  may  be 
written  in  the  dimensionless  form 

■jf  =Pj 
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At.  s 

dr 

(7) 

4s*  =  -£P. 

or 

(8) 

variables  are 

£  =  (8fl/c)x,  T  =  mt-x/c)  ) 

(9) 

where  ft  =  Eo0>/fc  and  8=  N0t»co/  (E02/2tt)  •  Energy  conservation  is  readily  exhibited 
by  multiplying  Eq.  (6)  by  combining  it  with  Eq.  (8)  and  integrating  overall  terms. 
One  finds 


*(x,t)  +  N(x,C0)1^tu  s  N  (x, -©)■&{!>.  (10) 


Equations  ”7)  and  (8)  admit  of  an  immediate  integral  which  may  be  expressed  in 
the  parametric  form 


N(£,r)  s  G(£)  cot  <r(£,r)  , 

(11) 

P(£,r)  =  ( 

(£)  iincr  (£fr)  , 

(12) 

2  2  2 
where  [g(£)]  =  [n(£,-00)]  +  [q> ({,-©)]  . 

Equation  (j)  yields 

£  * 

dr 

(13) 

and  Eq.  (6)  then  reduces  to 

Alz. 

d(dr 

-  tin<r  ' 

(14) 

cEc‘ 

47T 


,  00 
57  M 


-00 


Although  the  general  solution  of  this  equation  is  apparently  unknown  at  present, 
considerable  progress  has  been  made  in  obtaining  useful  particular  solutions  by 
means  of  a  Baecklund  transformation  (Ref.  17) •  Application  of  this  transformation 
theory  shows  that  two  particular  solutions  of  Eq.  (l4)  are  related  by 


l+ain  8 
cot  0 


(<r2  <cr,), 


(15) 


±  -oil 


l-fM 
cot  0 


tin 


(16) 
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vhere  Q  is  an  arbitrary  constant.  Since  ^  :0  is  a  solution  of  Eq.  (Ik) ,  a  second 
solution  is  readily  obtained  in  the  form 


tr2  -  A  ton'  y  exp 


[  T*  1  + 
l  C( 


It- Osin  8 


COS  9 


where  Y  is  an  arbitrary  constant.  This  solution  has  the  property  that  as  T  varies 
from -GO  to-KD,  Og  varies  from  0  to  2  it  .  The  corresponding  variation  in  the  popula¬ 
tion  difference  and  polarization  density  may  be  immediately  inferred  fromEqs.  (ll) 
and  (13) •  From  Eq.  (13)  the  normalized  pulse  shape  is  found  to  be 

£.(x,t)  =  seeh(0/2)(t- x/v)  1  (18) 


vhere 


-7  =  -7  (1-48). 


This  solution  represents  a  pulse  shape  which  propagates  without  distortion 
through  a  medium  in  which  all  atoms  are  initially  in  the  upper  state.  The  front 
portion  of  the  pulse  is  continually  amplified  while  the  back  is  continually  attenu¬ 
ated  in  such  a  way  that  the  profile  of  the  pulse  moves  through  the  medium  faster 
than  the  light  velocity.  A  similar  result  has  also  been  obtained  and  observed 
experimentally  by  Basov,  et  al  (Ref.  16) . 

More  interesting  features  of  pulse  propagation  are  described  by  employing 
another  icsult  of  the  Baecklund  transformation  theory,  namely  that  four  solutions 
of  Eq.  (15)  are  related  through 


ton(£ai£iEL)  cos  l/2(gi  +  82  )  t  (£rg2> 
0  '  A  '  sin  1/2(01-0  2  )  4  ' 


In  particular,  the  distortion  of  a  pulse  of  sufficient  strength  to  induce  two 
inversions  in  the  population  of  the  active  medium  is  described  by  using  Eq.  (20) 
with 

O-Q  ’  Oj  (21) 


Choosing  0,  =  8,  d2  -  v ,  X  =  >1  =  I  ,  or.s  finds 


<r,  *  A 


B  sinh  l/2(a+£)  1 

100  ltqnT  cos  hl/2(a-fl)  J  > 
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where 


a 


I ♦  sing  I -sin  8 
cos  9  co *0  ' 


(24) 


P  ■  T  *  i 


(25) 


As  T  varies  from  -OOto  +  CO,  varies  from -2  7r  to  +27T  .  From  Eq.  (ll)  this  variation 

in  cr  provides  fcr  two  complete  oscillations  in  an  atomic  population  that  is  initially 
(and  finally)  in  the  upper  state.  The  pulse  shape  is  again  obtained  from  Eq.  (l4) 
and  one  finds  (Ref.  18) 


eu,t) « 


I -cos 


2  sin  9  {sech  [flU-  x/v)j  +  a  sech^ailtf-x/v*)]  } 

©  { tanh [il(» - x/v )]  tanh[afl(t-x/v')]  -  sech  [fl(»-x/v)]  sech  oft(t-x/v')  • 


where  a  =  ( l  +  sin  9)/cos8,\/1- c /(!-&/ a*  )  and  v  is  given  by  Eq.  (ly).  For  £>  to 

be  positive,  one  requires  0<  8<ir/2  from  which  it  follows  that  a  is  greater  than 
unity  and,  hence,  v  <v  .  As  this  pulse  propagates  through  the  medium,  it  effec¬ 
tively  splits  into  two  separate  pulses.  The  attenuation  of  the  midportion  of  the 
pulse  takes  place  because  the  active  medium  is  predominantly  in  the  lower  level 
during  the  time  that  this  portion  of  the  pulse  interacts  with  it. 


Figure  0  illustrates  a  pulse  shape  predicted  by  Eq.  (26)  as  a  function  of  the 
retarded  time  r  =t-x/v  for  8 -V/ 3,  Cs  -1/2  .  Direction  of  propagation  is  to  the 

left  in  the  figure.  Figure  n+1  is  a  similar  result  for  0=cos  (2/3)  ,  8*-  1/2  • 


From  these  figures  it  is  clear  that  the  leading  pulse  has  an  amplitude  deter 
mined  by  the  initial  wave  shape,  vhile  the  second  pulse  is  of  the  type  obtained 
from  Eq.  (l8)  . 


INTERACTION  OF  INTENSE  FREQUENCY - SWEPT 
LASER  PULSES  WITH  MATTER 


A  theoretical  investigation  of  the  interaction  of  an  intense  frequency-swept 
pulse  of  light  (i.e.,  an  optical  chirp)  with  matter  has  beer  conducted.  The  first 
interesting  result  to  come  out  of  the  investigation  was  the  adiabatic  inversion  of 
populations  between  a  pair  of  levels  when  the  frequency  of  the  pulse  is  swept 
through  their  resonant  frequency.  The  second  result  was  the  dependence  of  the 
phase  of  the  induced  polarization  on  the  direction  of  the  sweep.  These  effects 
have  been  observed  in  nuclear  magnetic  induction  experiments  (Ref.  19) ,  and  the  new 
features  in  our  experiments  will  be:  (l)  the  use  of  electric  dipole  transitions, 
(2)  excitation  of  the  sample  by  a  traveling  wave.  These  are  the  two  features  that 
distinguish  the  so-called  "photon"  echo  (Ref.  20)  from  the  well-known  spin  echo 
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expe  -intents  (Refs .  21,  22) .  In  addition,  the  frequency  is  swept  across  the 
otherwise  unperturbed  resonance  between  the  levels  in  our  experiments,  whereto  in 
NMR  the  frequency  is  held  fixed  and  the  energy  level  spacing  is  swept  fcy  the 
external  magnetic  field. 


The  geometrical  representation  of  the  Schrodinger  equation  due  to  Feyman,  et  al 
(Ref.  23)  provides  a  lucid  description  of  the  phenomenon.  The  Schrodinger  equation 

/k\l/ 

SH^*H^+V^  (27a) 

is  rewritten 

-jjf-  =  «  *r,  (27b) 

where 

^0)  =  o(t)^0+b{t)V  (28) 


For  m  =  ±  1  transitions,  the  following  relationships  hold  for  the  parameters  of 
Eqs.  (27)  and  (28): 


Vob+Vb.  --  -  Y E«, 

(29a) 

K'U-'W  *  “ 

(2.9b) 

^*•4  *  ^b"  E0  1 

(29c) 

r,  -  ab*+  a*b  , 

(30a) 

r2=  Uob'-o’fe), 

(30b) 

r  -  o*e  -b*b  ■ 

(30c) 

where  Y  =/iob  '  /xbo  4he  dipole  moment  operator.  The  precession  of  r  about 

the  resultant  w  is  completely  analogous  to  the  precession  of  the  nuclear  moment /I 
about  a  resultant  magnetic  field  B. 


For  a  pulse  having  the  following  electric  field  components 


E«  *  A(«)  cos  «£{♦) , 
E y  =  A(t)  sin  ${♦)  , 


(31a) 

(31b) 


the  picture  is  simplified  by  referring  the  vector  r  to  a  frame  of  axes  rotating  at 
a  rate  t)=d#/dt  about  the  3_axis.  ~"1.  the  new  frame 


d? 

dt 


w 1  *  r  / 


(32a) 
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*w>'«  -XA(t) 

«t  s  0, 


(32b) 


and 


to3'  =w0-n(»).  (32c) 

The  vector  V  for  an  atom  in  the  lower  (or  upper)  state  has  r5  =  1  (or  -l)  and 
r,  =  r2=  0. 

The  response  cf  the  quantum  system  to  the  chirped  pul' a  is  represented  by  the 
precession  of  the  state  vector  r '  about  the  resultant  ~u>'  while  the  latter  vector 
is  tipped  slowly  (compared  to  the  precession  rate)  through  l80°.  This  is  depicted 
in  Fig.  8  where  dfl/titand  A  are  positive  and  the  system  is  resonant  at  that  fl(t) 
where  A(t)  is  maximum.  Ifdil/dtis  constant,  the  curve  of  Fig.  8  has  the  same  shape 
as  the  envelope  A(t'».  The  semi  vertical  an^le  of  the  cone  of  precession  is  approxi¬ 
mately  equal  to  the  angle  through  which  w  turns  in  the  time  that  r  takes  to 
precess  90°  about  the  initial  "3 1  .  This  is  given  by  the  relation: 


Here  the  zero  denotes  conditions  at  the  beginning  of  the  pulse.  Because  the 
envelope  A(t)  starts  from  zero  and  ends  at  zero,  it  is  not  necessary  to  sweep  over 
a  large  range  as  in  the  corresponding  NMR  experiments  where  the  rf  field  amplitude 
is  kept  constant. 

The  adiabatic  condition  (constant  85)  is  that  the  rate  at  which  <*>'  iS  tipped 
should  be  always  small  compared  to  the  rate  of  precession  of  t  about  uj  .  Near 
the  middle  of  the  pulse  this  yields  the  relation 

TWl*  »  yT^-  (3M 

'  Mmo* 
or 

q  <<  (~p)2  (34b) 

Near  the  ends  of  the  pulse  the  same  condition  yields 


(35a) 
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l  <iiLA 

v*»  A*,,  4 r 


(35b) 


An  additional  condition  is  that  the  pulse  length  ought  to  be  short  compared  to  the 
time  between  dephasing  collisions. 

The  vector  r 1  will  follow  either  To/  or  -”u5/  ,  depending  on  whether  the  two 
vectors  are  initially  parallel  or  antiparallel.  The  induced  polarization  is  pro¬ 
portional  to  the  component  ^  ,  while  the  field  is  opposite  to  W| ;  so  that  the 
induced  polarization  will  be  in  the  same  direction  as  the  driving  field  if  the 
frequency  sweep  is  negative  and  the  system  is  initially  in  its  ground  state.  This 
will  produce  a  decrease  in  pulse  propagation  speed.  Reversing  the  sweep  direction 
(or  the  population  difference)  produces  a  polarization  180°  out  of  phase  with  the 
E-field,  and  this  will  have  some  effect  (perhaps  defocusing)  on  the  stability  of 
the  propagating  pulse. 


For  the  experimental  attempt  to  observe  these  effects,  we  have  built  a  COg 
laser  for  generating  optical  chirps  of  10.6  microns  wavelength,  0.5  to  1.0  micro¬ 
second  pulse  duration  and  60  MHz  sweep,  and  will  use  this  laser  as  a  source  for 
inverting  the  v 3  vibration  of  sulphur  hexafluoride  (SFg)  between  the  ground  and 
first  excited  states.  Except  for  the  chirp  feature,  the  laser  is  of  fairly  standard 
design:  water-cooled,  external  flat  and  spherical  mirrors,  sodium  chloride  Brewster 
windows,  aperture  stops  for  selection  of  dominant  mode  (TEMoon) .  The  laser  con¬ 
figuration  is  shown  in  Fig.  9* 

The  frequency  is  swept  by  changing  the  optical  cavity  length.  This  is 
accomplished  mechanically  by  rotating  the  flat  mirror  by  a  synchronous  1800  rpm 
motor  with  an  offset  of  a  centimeter  or  two  between  the  rotation  axis  and  the  laser 
axis.  The  cavity  length  of  150  cm  provides  a  spacing  of  100  Me  for  the  TEMQ0n 
modes  while  tne  CO2  line  width  is  about  60  Me.  Figure  10  shows  a  set  of  pulses 
generated  by  this  scheme.  The  2  fJ.  sec  spacing  between  the  pulses  corresponds  to  an 
offset  of  about  1.3  cm  of  the  rotating  mirror.  The  biggest  pulse  in  the  train 
occurs  when  the  laser  mode  is  on  axis  with  the  aperture  stops. 


The  frequency  sweep  is  produced  by  the  motion  of  the  mirror,  which  gives  a 
time -dependence  to  the  optical  cavity  frequency  vc .  When  the  laser  pulse  begins, 
its  frequency  is  given  by 


/(l+0L/Qe)  (36) 

where  subscripts  C  and  L  refer  to  the  optical  cavity  and  the  CO2  line,  respectively, 
and  Q  is  the  quality  factor  of  the  respective  resonance.  Thereafter,  the  stimulated 
emission  is  in  phase  with  the  stimulating  radiation,  the  frequency  of  which  is  being 
swept  continuously  as  a  result  of  the  almost  adiabatic  change  in  mode  volume  produced 


< 
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by  the  moving  mirror.  During  the  whole  pulse,  the  frequency  probably  remains 
governed  by  the  formula  above.  Therefore,  it  is  essential  to  have  Qj/Qc  <<  1.  For 
our  cavity,  which  has  a  length  of  150  cm  and  power  coupling  17  equal  to  0.21  (due  to 
a  sodium  chloride  flat  tilted  for  20°  angle  of  incidence),  we  estimate  that  is 
about  8.6  x  10^  (neglecting  internal  losses).  Assuming  a  60  Me  line  width  for  CO2, 
we  have  a  Qp  of  about  5  x  10^,  so  that 

QL/Qci0.06.  (37) 

We  have  observed  a  frequency  sweep  of  about  60  Me  in  our  pulses.  Using  a 
Michelscn  interferometer  arrangement  with  a  path  length  difference  of  35  meters,  we 
beat  the  pulse  against  itself  and  observed  a  7  Me  signal.  The  results  are  shown  in 
Fig.  11,  which  shows  the  detector  response  to  the  pulse  (a)  from  one  arm  of  the 
Michelson  interferometer  and  (b)  from  both  simultaneously.  This  technique  will  be 
developed  further. 

The  experiments  on  SF5  will  be  of  two  kinds,  viz.,  the  response  of  the  SF(j 
medium  to  the  optical  chirps,  and  the  effect  of  the  medium  on  the  pulse  propagation. 
Patel  and  Plusher  (Ref.  2k)  have  used  the  coincidence  of  the  SFg  and  COg  lines  to 
study  self-induced  transparency.  It  is  probable  that  the  CO2  line  lies  in  one 
Doppler  wing  of  the  SF5  absorption  and  that  the  SFg  matrix  element  is  much  larger 
than  the  reported  value  (Ref.  2k)  of  3  x  10”^°  esu.  The  pulse  will  then  select  for 
inversion  those  SFg  molecules  that  fall  into  a  certain  velocity  component  range. 

We  do  not  expect  to  observe  self-induced  transparency,  because  cf  the  frequency 
sweep  in  our  pulses.  We  hope  to  observe  stimulated  emission  from  the  SFg  following 
its  inversion,  and  we  aim  to  look  for  asymmetries  in  the  pulse  propagation  speed 
and  self -focusing  or  defocusing  effects  with  respect  to  the  magnitude  and  sign  of 
the  frequency  sweep.  The  Michelson  interferometer  scheme  may  be  ’useful  in  measuring 
time  delay  and  phase  distortion  of  the  propagating  pulse.  Focusing  and  defocusing 
effects  will  be  studied  by  observation  of  diffraction  patterns. 


MEASUREMENT  OF  NANOSECOND  FLUORESCENCE  DECAY  TIMES 


The  simplest  type  of  lifetime  determination  is  the  measurement  of  a  fluorescence 
decay  time.  Since  the  early  1930's  it  has  been  possible  to  measure  fluorescence 
lifetimes  as  short  as  one  nanosecond  (Ref.  25)-  However,  the  fluorometers  devised 
for  these  measurements  e  e  complex  and  cumbersome.  Moreover,  insomuch  as  the  actual 
decay  curve  is  not  obse. ved,  the  measurements  are  indirect.  This  latter  deficiency 
leads  to  serious  problems  of  competing  channels  of  decay  are  in  evidence.  There¬ 
fore,  a  simpler  and  more  direct  technique  for  measuring  rapid  fluorescence  decay 
rates  is  desirable. 

To  observe  a  fluorescent  decay,  a  high-intensity  source  having  a  rapid  fall 
time  is  required  to  excite  the  fluorescence  and  a  wide  bandwidth  detection  system 
is  needed  to  detect  it.  Mode-locked  lasers  are  an  ideal  excitation  source.  A 
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number  of  different  lasers  have  been  successfully  mode-locked.  Of  these,  the 
simultaneously  O-switched  and  mode -locked  ruby  (Ref.  26)  or  neodymium  (Ref.  7) 
lasers  offer  the  greatest  peak  output  power.  For  materials  absorbing  in  the  blue 
end  of  the  spectrum  rather  than  in  the  red,  frequency  doubling  may  be  employed  with 
these  lasers.  In  addition  to  the  pulsed  phase-locked  lasers,  the  argon  laser 
(Ref.  27)  and  the  Nd+3;YAG  laser  (Ref.  28)  have  been  continuously  mode-locked  with 
appreciable  peak  output  power.  In  all  of  the  above  lasers,  the  widths  of  the  out¬ 
put  pulses  are  considerably  less  than  one  nanosecond. 

With  the  continuously  mode -locked  lasers,  a  crossed-field  photomultiplier 
(Ref.  29)  used  in  conjunction  with  a  sampling  oscilloscope  could  give  an  overall 
detection  risetime  as  short  as  0.06  nanosecond.  Such  a  system  could  equal  even  the 
fastest  modern  fluorometer  (Ref.  30) •  With  the  pulsed  mode-locked  lasers,  a  travel¬ 
ing  wave  oscilloscope  must  be  used.  These  typically  have  a  risetime  of  on  the 
order  of  a  few  tenths  of  a  nanosecond. 

In  the  present  case  a  simultaneously  Q-switched  and  mode -locked  ruby  laser  was 
used  to  excite  the  fluorescence.  A  UAC  1240  Phototransducer  having  a  0.3  ns  rise¬ 
time  was  used  to  detect  the  fluorescence  radiation.  The  output  from  this  detector 
was  displayed  on  a  Tektronix  519  oscilloscope.  Figure  12a  shows  an  oscilloscope 
tracing  of  the  laser  output.  The  pulse  widths  shown  illustrate  the  time  response 
of  the  detection  system. 

Two  classes  of  dyes  were  investigated  in  this  experiment,  those  excited 
directly  by  the  ruby  laser  and  those  excited  by  the  second  harmonic  of  ruby.  The 
former  were  the  dyes  commonly  used  for  Q-switching  the  ruby  laser,  while  the  latter 
dyes  were,  for  the  most  part,  liquid  laser  dyes  (Refs.  1,  31) .  The  experimental 
arrangement  used  for  the  liquid  laser  dyes  is  shown  in  Fig.  13.  A  copper  sulfate 
solution  was  used  to  absorb  the  scattered  laser  light,  while  a  sharp  cut  interference 
filter  was  used  to  block  the  scattered  second  harmonic  light.  In  that  way  only  the 
fluorescence  was  detected  by  the  photodiode .  In  all  cases  the  concentrations  of 
the  dyes  were  adjusted  to  give  a  transmission  through  the  1-cm  dye  cell  of  approxi¬ 
mately  10$  at  3470  X. 

A  typical  oscilloscope  tracing  of  a  fluorescence  is  shown  in  Fig.  12b.  The 
decay  times  for  the  various  dyes  were  determined  by  fitting  an  exponential  to  each 
of  the  decaying  portions  in  the  oscillographs.  For  each  dye  the  results  from  two 
such  pnotographs  (i.e.,  ten  curves)  were  then  averaged  together.  The  results  for 
the  liquid  laser  dyes  are  summarized  in  Table  I.  The  values  given  for  the  lifetimes 
should  be  accurate  to  better  than  ±  20$. 

The  setup  used  for  determining  the  fluorescence  lifetime  of  the  Q-switching 
dyes  was  quite  similar  to  that  used  for  the  liquid  laser  dyes.  Of  course,  since  the 
Q-switching  dyes  are  excited  directly  by  the  laser  beam,  frequency  doubling  was  not 
necessary.  To  detect  the  fluorescence,  an  S-l  version  of  the  UAC  1240  photodiode 
was  used.  A  Corning  Glass  Works  CS-7 -69  filter  was  used  to  separate  the  scattered 
laser  lignt  from  the  fluorescence. 
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Three  Q-switching  dyes  were  investigated,  chloro-aluminum  phthalocyanine, 
vanadyl  phthalocyanine,  and  cryptocyanine.  In  the  case  of  the  phthalocyanines,  the 
lifetimes  were  measured  in  several  solvents.  The  concentrations  were  adjusted  for 
a  transmission  of  about  10$  at  6943  A  through  the  1-cm-thick  dye  cell.  In  the  case 
of  chloro-aluminum  phthalocyanine  in  ethanol,  the  concentration  was  varied  to  give 
a  transmission  of  from  4$  to  75$  to  determine  if  the  lifetime  depended  on  concen¬ 
tration.  No  such  dependen -e  was  found.  The  results  are  summarized  in  Table  II. 

The  fluorescent  decay  in  cryptocyanine  was  by  far  the  most  rapid.  The 
measurement  there  was  limited  by  the  detection  system  response  time.  Spaeth  and 
Sooy  (Ref.  32)  have  estimated  a  decay  time  of  4  x  10"11  seconds  for  cryptonyanine 
in  propanol.  It  is  quite  possible  that  the  fluorescence  decay  time  in  a  methanol 
solution  is  as  short.  The  lifetime  measured  for  chloro-aluminum  phthalocyanine  in 
1-chloronaphthalene  is  somewhat  longer  than  reported  by  Bowe,  et  al  (Ref.  33)  though 
the  difference  is  only  0.1  ns  outside  of  the  experimental  errors.  The  result  for 
vanadyl  phthalocyanine  in  nitrobenzene  is  in  good  agreement  with  that  obtained  by 
A^ecchi,  et  al  (Ref.  34) . 

LIGHT  AMPLIFICATION  IN  SATURABLE 
ABSORBERS  (LAISA)  WITH  PICOSECOND  PULSES 

Fluorescence  measurements  are  limited  by  the  risetime  of  the  electronics 
involved.  This  difficulty  can  be  circumvented  in  materials  exhibiting  a  saturable 
absorption  at  the  laser  wavelength.  An  experimental  arrangement  which  was  set  up 
for  measuring  the  recovery  time  in  such  absorbers  is  shown  in  Fig.  14.  The  laser 
beam  impinges  on  a  dye  cell  which  is  canted  by  a  slight  angle, 6  ,  as  illustrated  in 
Fig.  14.  Most  of  the  beam  passes  through  the  dye  cell  but  a  small  amount  is 
reflected  by  it.  The  reflected  beam  strikes  an  inclined  wedge  and  part  of  this 
beam  is  reflected  back  onto  itself  by  the  surface  of  the  wedge  as  shown.  The  net 
that  two  beams  pass  through  the  dye:  the  first,  an  intense  beam,  and  the 
'  ’ -"m  inclined  to  the  first  by  an  angle  2Q and  delayed  in  time 
„■  0;  ■  ■j-'.+-.pPv  Spp.  where  S  is  the  spacing  between  the 

,  ;  use  of  wedges  avoids 
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The  shortest,  recovery  time  which  could  be  measured  in  this  experiment  would  be 
approximately  the  duration  of  the  mode ’locked  pulses  themselves.  The  pui.se  duration 
for  the  ruby  laser  used  in  this  experiment  was  measured  using  a  double  quantum 
absorption-fluorescence  technique  (Ref.  35)  and  was  found  to  be  approximately 
2  x  ICT'1  seconds.  This  is  considerably  better  than  could  be  hoped  for  in  a  fluor¬ 
escence  measurement. 

The  first  dye  studied  was  cryptocyanine  in  methanol.  Its  decay  time  was  found 
to  be  shorter  than  0.5  ns  in  the  fluorescence  measurements.  The  output  of  the 
photodiode  when  the  cell  is  filled  with  methanol  is  shown  in  Fig.  15a.  The  first 
of  the  two  pulse  trains  is  the  incident  pulse,  while  the  second  is  the  transmitted 
and  delayed  pulse.  The  amplitudes  are  about  equal  and  remain  equal  irrespective  of 
the  delay  (i.e .,  that  due  to  the  spacing  between  the  dye  cell  and  the  wedge). 
Cryptocyanine  was  then  added  to  the  methanol  in  the  dye  cell  to  give  a  solution 
with  an  optical  density  of  approximately  5-0  at  69^3  With  a  2.0  picosecond 
delay,  the  results  are  shown  in  Txgs.  15b  and  15c. 

The  striking  feature  in  Figs.  15b  and  15c  is  that  early  in  the  pulse  trains 
the  delayed  signal  is  amplified  rather  than  attenuated.  Furthermore,  if  the  trans¬ 
mission  of  the  primary  (undelayed)  beam  through  the  dye  cell  is  monitored  simul¬ 
taneously  with  the  transmission  of  the  delayed  beam,  it  is  found  that  when  the 
delayed  beam  is  amplified  more  greatly,  the  primary  beam  is  attenuated  more  strongly. 
This,  plus  several  other  experiments,  indicates  that  the  effect  is  a  real  o’-  and 
that  it  is  due  to  some  hitherto  unnoticed  feature  of  the  dye.  It  is  suggested  that 
such  devices  be  called  LAISA  for  "Light  Amplification  in  Sat ’arable  Absorbers." 

3ecause  this  phenomenon  prevents  the  measurement  of  saturable  absorber  recovery 
time,  the  recovery  time  experiments,  were  temporarily  halted  in  favor  of  experimenta¬ 
tion  to  discover  the  nature  of  the  nonlinear  amplification  effect.  It  was  hoped 
that  with  an  understanding  of  the  phenomenon  it  might  be  possible  to  eliminate  the 
gain  effect  and  repeat  the  lifetime  experiments  in  the  future.  In  addition,  the 
amplification  is  interesting  and  important  in  itself. 

One  of  the  first  experiments  performed  to  explore  the  nature  of  the  nonlinear 
effect  simply  involved  taking  far  field  photographs  of  the  beams  passing  through 
the  dye  cell.  A  one-meter  focal  length  camera  was  used  for  this  purpose. 

Figure  l6a  shows  the  result  when  the  cell  is  filled  with  just  methanol.  The  weaker 
of  the  two  spots  is  the  delayed  beam.  Here,  again,  the  delay  was  2  picoseconds. 

The  dye  cell  was  then  filled  with  a  cryptocyanine  in  methanol  solution  (O.D.  1.0  at 
29^3  A)  and  the  far  field  pattern  was  retaken.  The  result  is  displayed  in  Fig.  5b- 
+h.->  delayed  beam  is  apparent  from  this  photograph.  More  important, 
r.  -•  ~'p  +>'o  weaker  beam  on  the  opposite  side  of  the  primary 

1  .  !  ;  ^  ‘  t,  ■■  1^  "that  such  a  beam  cannot  be  produced  by  a 

f  this  beam  in  the  dye  is  highly  suggestive  of 
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Further  evidence  of  a  parametric  process  was  obtained  both  photographically 
and  photoelectrically  by  noting  the  variation  of  gain  in  the  delayed  beam  as  a 
function  of  the  delay  time.  It  was  found  that  there  is  gain  only  when  there  is  an 
appreciable  overlap  of  the  pulses  in  the  delayed  beam  with  those  in  the  primary 
beam.  That  is  to  say,  there  is  gain  only  when  the  delay  is  comparable  to  or  less 
than  the  pulse  duration  (20  picoseconds) . 

With  a  parametric  process  there  is  the  possibility  of  a  frequency  shift.  This 
was  investigated  next.  This  was  done  by  placing  a  transmission  grating  after  the 
dye  cell  and  by  repeating  the  previous  photographs  in  the  first  order  spectrum. 

The  results  are  shown  in  Figs.  IT  and  lC.  The  angular  shift  between  the  delayed 
and  undelayed  beams  is  displayed  in  the  horizontal  direction,  while  frequency 
spread  is  displayed  in  the  vertical  direction.  The  dispersion  in  the  vertical 
direction  is  approximately  12  A/mm.  It  should  be  noted  that  the  angular  divergence 
of  the  laser  beam  also  contributes  to  the  size  of  the  spots  on  the  film  and  limits 
th”  resolution  to  perhaps  20  to  30  A.  It  is  clear  from  the  photog-  aphs  that  if 
there  is  any  frequency  shift  it  is  less  than  the  20  or  30  A  resolution  limit. 

Figures  IT  and  18  also  show  the  dependence  of  the  gain  phenomenon  on  the 
angular  displacement  between  the  delayed  and  undelayed  beams.  At  large  angles  the 
delayed  beam  is  amplified  but  there  is  no  generation  of  the  third  beam.  As  the 
angle  is  reduced,  the  third  bet^i  grows  in  prominence  until  it  is  nearly  as  intense 
as  the  amplified  delayed  beam.  In  addition,  one  or  more  secondary  beams  also 
appear.  Finally,  at  very  small  angles  there  appears  to  be  a  loss  of  gain  for  the 
delayed  beam  and  for  the  third  beam. 

In  the  last  experiment  performed  to  date,  a  number  of  saturable  absorbers  were 
examined  to  see  if  any  differences  .in  the  gain  effect  occurred.  All  of  the  saturable 
polymethine  cyanine  dyes,  cryptocyanine,  dicyanine  A  and  1,  1’ -diethyl-2, 

2’ -dicarbocyanine  iodide,  were  tried  as  was  chloroaluminum  phthalocyanine .  The 
polymethine  cyanines  were  each  tried  in  three  solvents:  methanol,  acetone  and 
dimethyl  sulfoxide.  Despite  the  differences  in  the  peak  absorptions  in  the  dif¬ 
ferent  polymethines  and  despite  the  widely  different  solvent  shifts  for  the  three 
solvents,  all  the  dye-solvent  combinations  showed  the  effect  to  about  the  same 
degree.  The  effect  was  equally  pronounced  in  chloroaluminum  phthalocyanine  in 
ethanol.  The  gain  phenomenon  is,  therefore,  common  to  all  the  saturable  absorbers 
normally  used  with  ruby  lasers. 

The  universality  of  the  gain  effect  in  saturable  absorbers  suggests  that  the 
effect  is  intimately  connected  with  the  saturable  absorption  itself.  Indeed,  a 
qualitative  description  of  the  process  can  be  devised  assuming  only  that  the 
absorption  of  the  dye  solution  decreases  with  increasing  incident  intensity.  Con¬ 
sider  the  case  of  two  plane  monochromatic  waves,  one  of  much  lower  intensity  than 
the  ether  and  of  slightly  different  frequency,  incident  upon  the  medium.  Because 
of  the  slight  difference  in  frequency,  the  intensity  within  the  medium  is  modulated 
at  the  beat  frequency  of  the  two  waves.  The  degree  of  modulation  ir  the  transmitted 
beam  is  enhanced  over  that  in  the  incident  beam  because  of  the  nonlinear  absorption 
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in  the  medium.  This  is  equivalent  to  saying  that  the  weaker  beam  is  amplified. 

Tue  degree  of  amplification  is  dependent  on  the  slope  of  the  attenuation  vs  intensity 
cur  for  the  dye  solution  at  the  intensity  being  used.  Because  the  modulation  in 
one  nsmitted  beam  is  no  longer  sinusoidal,  the  process  aI:o  results  in  the 
gene*  ion  of  harmonics.  In  the  event  that  the  two  incident  beams  are  not  collinear, 
the  various  frequency  harmonics  will  be  generated  in  different  directions. 

The  process  can  also  be  viewed  as  a  nonlinear  change  in  the  index  of  refrac¬ 
tion  which  is  brought  about  by  the  saturation  of  the  absorption  line .  The  case 
where  the  refractive  index  change  is  proportional  to  the  incident  intensity  as  it 
is,  for  example,  in  Kerr  active  liquids,  has  been  treated  by  Chiao,  Kelly  and 
G&rmire  (Ref.  36).  Again  one  finds  that  the  weaker  beam  is  amplified  and  that 
frequency  harmonics  are  generated.  It  is  worth  noting  that  the  salient  features 
of  the  angular  dependence  predicted  by  Chiao,  et  al  for  the  gain  of  the  weak  beam 
and  for  the  most  important  harmonic  are  in  accord  with  the  present  observations. 

although  the  gain  process  is  fairly  well  understood  qualitatively,  more  work 
u.ust  be  done  to  obtain  a  quantitative  understanding  of  the  effect.  One  complication 
to  the  problem  is  that  practical,  saturable  absorbers  are  not  simple  two-level 
systems  (Ref.  37) •  In  fact,  the  loss  of  gain  in  the  rear  portion  of  the  pulse 
trains  (see  Fig.  15)  is  very  likely  due  to  the  transfer  of  population  from  the 
saturably  absorbing  singlet  manifolds  to  the  lowest  triplet  manifold. 

Since  the  saturable  absorbing  dyes  are  an  integral  part  of  many  ruby  laser 
systems,  this  nonlinear  effect  is  an  important  one.  One  obvious  result  is  the 
enhancement  of  the  gain  in  the  off-axis  modes  of  the  laser  cavity.  If  an  appreci¬ 
able  amount  of  power  is  coupled  into  these  modes,  a  degradation  of  beam  collimation 
would  be  experienced.  Z~  +he  mode-locked  laser,  uunaxial  propagation  would  also 
result  in  a  broadening  of  the  individual  pulses  and  possibly  in  a  multiplicity  of 
pulse  trains. 


A  Galilean  telescope  is  incorporated  in  the  mode-locked  ruby  laser  used  for  these 
experiments.  This  telescope  doubles  the  team  diameter  Just  before  the  beam  passes 
through  the  saturable  dye  and  strikes  the  100$  reflectirig  mirr  -.  The  telescope 
was  added  to  the  cavity  in  order  to  eliminate  the  deterioration  of  the  100$  mirror. 
However,  it  was  also  found  to  improve  the  beam  divergence  substantially  and  to 
improve  the  quality  of  the  pulse  trains.  It  is  possible  that  some  of  this  improve¬ 
ment  is  the  result  of  the  reduced  intensity  at  the  dye  cell. 


=i 


1 


F- 920479-0 


SIX -MONTH  STATUS  EVALUATION 


The  theoretical  and  experimental  research  performed  by  the  Research 
laboratories  of  United  Aircraft  Corporation  during  the  six-month  interval 
from  1  August  1967  to  31  January  1968  on  the  subject  contract  has  resulted 
in  the  following  enhancement  of  the  state  of  the  art  of  the  ultrashort  laser 
pulse  technology  field: 

(al  Mode-Locking  of  an  Organic  Dye  Laser.  This  accomplishment  should 
make  available  picosecond  optical  pulses  throughout  the  visible  portion  of  the 
spectrum.  The  availability  of  ultrashort  pulses  at  any  desired  wa  elength 
would  greatly  increase  their  applicability  to  studies  of  nonlinear  optical 
effects,  spectroscopy,  lifetime  measurements,  etc. 

(b)  Optical  Rectification  of  Mode-Locked  Laser  Pulses  at  Microwave 
Frequencies.  This  accomplishment  opens  up  the  possiblity  cf  generating  milli¬ 
meter  or  submillimeter  waves  with  ultrashort  optical  pulses  and  obtaining  a 
detector  for  picosecond  pulses  because  of  the  broad  band  response  of  the  optical 
rectification  effect.  The  detection  of  optical  rectification  at  approximately 
10  GHz  has  eliminated  spurious  signals  from  pyroelectric  and  acoustic  effects, 
therefore  simplifying  the  detection  of  this  effect.  The  use  of  simultaneously 
Q- switched  and  mode-locked  pulses  enables  the  use  of  the  high  sensitivity 
characteristics  of  radio  receivers  in  many  experiments  where  signal  sensitivity 
may  be  a  problem. 

(c)  Analytical  Solution  for  2rr  and  4tt  Optical  Pulses.  This  accomplish¬ 
ment  should  lead  to  a  better  understanding  of  the  transient  response  of  quantum 
systems . 

(d)  Theoretical  Prediction  of  Adiabatic  Inversibn  of  Quantum  States. 

This  accomplishment  should  result  in  a  better  understanding  of  the  transient 
response  of  quantum  systems  when  subjected  to  a  frequency- swept  laser  pulse. 

(e)  60  MHz  Frequency-Swept,  Q-Switched  CO2  Laser  Pulse.  This  accomplish¬ 
ment  should  open  up  new  experimental  possibilities  in  studying  transient  response 
of  quantum  systems  ani  in  optical  ranging,  radar,  signal  processing,  etc. 

(f)  Measurement  of  Nanosev,„.id  Fluorescence  Decay  T.V'ies.  This  accomplish¬ 
ment  has  demonstrated  the  ease  at  which  subnanosecond  fluorescence  lifetime  can 
be  measured  with  ultrashort  laser  pulses  having  peak  powers  of  the  order  of 
gigawatts.  This  technique  should  therefore  be  of  great  help  to  spectroscopists 
in  their  study  of  solids,  liquids,  and  gases. 
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(g)  Light  Amp..  .^lcation  in  Saturable  Absorbers  (LAISA)  with  Picosecond 
Pulses.  This  accomplishment  has  resulted  in  a  new  method  for  amplifying  light 
waves  and  therefore  suggests  that  the  device  be  called  as  "LAISA".  an  acronym 
l0r  Light  Amplification  in  Saturable  Absorbers  *l! 
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TABLE  I  -  LIQUID  LASER  DIES 


DYE 

SOLVENT 

FLUORESCENT 

PEAK 

FLUORESCENT 

LIFETIMC 

Acridine  Red 

Ethanol 

58OOA 

2.b  nsec 

Acridine  Yellow 

Ethanol 

5050A 

5-2  nsec 

Sodium  Fluorescein 

Ethanol 

5270A 

6.8  nsec 

Rhodamine  6G 

Ethanol 

5550A 

5.5  nsec 

Rhodamine  6G 

Water 

5550A 

5.5  nsec 

Acridone 

Ethanol 

U370A 

11.5  nsec 

Anthracene 

Methanol 

1+000A 

1+.5  nsec 
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TABIE  II  -  Q-SWITCHING  DYES 


DYE 

SOLVENT 

ABSORPTION 

IEAK 

FLUORESCENCE 

PEAK 

lifetime 

CAP 

Ethanol 

67OOA 

77501 

10.1  nsec 

CAP 

Methanol 

6710A 

7550X 

10.3  nsec 

CAP 

C  hloronaphthale  ne 

6970A 

7380 1 

8.0  nsec 

VP 

Nitrobenzene 

6980A 

— 

4.1  nsec 

VP 

Chloronapht'nalene 

7010A 

— 

4.2  nsec 

CC 

Methanol 

7060A 

7400A 

0.5  nsec 

CAP  =  Chloro-Aluminum  Phthalocyanine 
VP  =  Vanadyl  Phthalocyanine 
CC  =  Cryptocyanine 
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TYPICAL  OSCILLOGRAMS  OF  CHIRPED  Q-  SWITCHED  C02  PULSES 
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TYPICAL  OSCILLOGRAMS 


(o)  MODE -LOCKED  RUBY  LASER  OUTPUT  -  10  nsec /cm 


(b)  FLUORESCENCE  DECAY  TIME  OF  FLUORESCEIN  SODIUM  -  10  nsec/cm 
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SATURABLE  ABSORBER  RECOVERY  EXPERIMENT 
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